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SUMMARY

The usuval approximstions mede in calculating the pressure
changes of a compressible fluld flowlng through heat-exchanger
pessages introduce appreclable errors in the range of high-flow
Mach numbers and high rates of heating. Existing methods for
obtaining accurate results over the entire Mach number and rate-
of~heating renge require numerlical integration for each specific
set of conditions and are therefore too tedlous for general
application. ’

In the present paper an analysis 1s msde of the compressible-
Plow variations occurring ln hest-exchanger pessages. The results
of the analysls describe the flow and heating characteristics for
which specific flow passeges can be treated as segments of gen-
eralized flow systems. The graphlcel representation of the flow
variations in the generalized flow systems can then be utilized
as working charts to determine directly the pressure changes
ccourring in any specific flow passage. On the basis of these
results, working charts are constructed to handle the case of air
heated at constant wall temperature under turbulent-flow condi-
tions. A method is given of incorporating the effect on the heat-
exchanger flow process of high temperature differential between
pasgage wall and fluid as based on recent NACA experimental data.
Good. agreement is obtalned between the experimental and the chart
pressure-drop values for passage-wall average temperatures as high
as 1752° R (experimentel limit) and for flow Mach numbers ranging
from 0.32 to 1.00 (choke) at the passage exit.
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IRTRODUCTION

The rational design and calculation of performence of aircraft
heat exchangers wherein heat is added to or subtracted from a high-
gpeed compressible fiuid stream requires not only the kmowledge of
the appropriate heat-transfer and friction-drag coefficlents but
also the mathematical means of utllizing these coefficientas to
describe accurately the pressure and tempersture variations along
the length of the heat-exchanger flow passage.

The basic differentlial eguation describing the pressure varia-
tions of a compressible fluid under the simultaneocus action of
friction and heating or cooling is well known for the ideal cease
of one-dimensional flow; however, no exact closed-form solution of
this differential-flow equation has yet been obtained even for
speclally chosen boundary conditions. Simplified solutions have
been evolved (references 1 and 2) by resorting to approximations
that are sufficiently valid for flow at relatively low speeds
(corresponding to Mach numbers of the order of 0.4 and less) and
for moderate rates of heat input to the fluid (corresponding to
temperature differentials between wall and fluid of the order of
300° R and less). However, as illustrated by the experimental
results of reoference 3, the errors introduced by the approximations
in calculating the pressure variations slong a flow passage
incresse so raplidly with increase of Mach number and rate of heat
input that for meny heat-exchanger problems the simplified solu-
tlong are, at the most, only rough spproximations.

Although the differentlal-flow equation is not susceptible to
formal integration, it is readily amensble to numerical metheods.
Methods for mmerically lntegreting the differential-flow equation
for specific heat-exchanger conditions are dlscusged in refer-
ences 4 and 5. Although the methods devised reduce the labor
involved in obtelning numerical solubtlons it is desirsble in the
calculation of pressure drop to obviate the necessity for per-
forming a mmerical integretion for each set of conditions of heat-
exchanger operatlion.

In the present paper, an enalysis of the heat-exchanger flow
process 1e made that describes the generalization conditions for
which specific flow passages can be treated as segments of gen-
eralized flow systems. The results of the analyals provide the
basis for the comstruction of working charts that enable deter-
minetion, wlthout individual integration, of the pressure variationa
of & compreasslible fluld flowing through heat-exchanger passages.
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Working charts are herein presented for the specific case of
air flowing in turbulent motion through smooth constent-area passages
wherelin heat 1s added to the air streem by the passage walls which
axre at & constant temperature throughout their length. A constant
ratio of the specific heats for alr equal to 1.400 ls used in the
preperation of these charts. The range of variables covered 1n the
charts are: (a) ratios of passage-wall temperature to air temper-
ature (absolute) from 5.00 to 1.11, (b) total-momentum parameters
equivalent to entrance Mach mmbers from 0.15 to 0.80, and (c) pes-
sage length-dismeter ratios fram zero to a value suffliclent in most
cases to produce choking at the passage exit.

Although in the construction of the charts the heat-transfer
coefficient and friction factor are expressed by the stendard
turbulent-flow egquations used in present-day heat-exchanger work,

a method is given for incorporating the effects of high temperature
differential between passage wall and fluid on heat-transfer coef-
ficient and frictlon factor as indicated by the recent experimsntal
data of reference 6. A method of incorporating the experimental
results of reference 6 in the heat-transfer relation used for
temperature-rise calculation is also given. Calculated and measured
values of pressure drop and temperature rise are compered.

An example is presented that 1llustrates in detail the method
of using the working charts and of using the resulie of reference &
in solution of & typical problem involving flow through & heat-
exchanger pessage. Appllcation of the method of reference S for
calculating the pressure changes of a compressible fliuwld flowing
in a passage with an abrupt increase of cross section (as obtained
at exit of heat exchanger) 1ls discussed and illustrated.

Although of & preliminary nature, this paper le presented to
fulfill the current urgent needs for this type of information.
SIMBOLS
A cross-sectional ares of flow passage, (sq ft)
cp specific heat of fluld at constent pressure, (Btu/(10)(°R))
Do equivalent diameter of flow passage, (ﬁ), (£t)

s
Dp dreg force due to frictiom, (1p)
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&
friction factar, | T—tr iy
z P72 5,

free-flow area ratio
mass conversion factor, 32.2, (1b/slug)

heat-transfer coefficient between well and fluid,
(Btu/(sec)(sq £t}(°R))

ratio of actual value of friction factor to that glven by the
0.2
standard expression, 0.046 ( )
PEVDe

ratio of actual value of heat-transfer coefficient to that
0.4

0.8
kD,
given by the standard expression, _k_e = 0,023 (pg:De) (Eg)
thermal conductivity of fluid, (Btu/(sec)(sq £t)(°R)/(ft))

passage flow length, (ft)
Mach nmumber

mess flow of fluid, (elugs/sec)

totel pressure, (1b/sq £t absolute)

static pressure, (1b/sq £t absolute)

gas constant for fluid, (for eir, equal to 53.35), (£6-2b/(1b)(°R))
wetted perimeter, (£t)

total temperature of fluid, (°R)

temperature of passage walls, (°R)

static temperature of fluid, (°R)

fluid veloecity in flow passage, (£t)/(sec)

1004
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x downstream distence from reference station in flow system, (£%)
parameter d.etermi@ from teble on charts

7 ratlo of specific heats at totel temperature of fluid (assumed
constant as 1.400 in air charts)

ik viscosity of fluwid, (1b)/(£t)(sec)

up viscosity of air at 519° R, 12.3 X 10-8, (1b)/(£%)(sec)

P mase density of fiuid, (slugs/cu £i) |

Subscripte: )

av fluid conditions evaluated at average fluid temperature in flow
bassage

en entrance of given flow passage

ex eoxlt of given flow passage

v fluld conditions evaluated at average wall temperature of fliow
bassags

x any station in flow sys'!:em

reference statlion, defined as statlion in flow system et which
ratio %E 1s equal o any of values 5.0, 3.0, 2.0, or 1.5

The following groupings of varlables are involved:

niV+pA totel momentim

LViph total-momentum parameter
m4 &RT
—2&_ statlc-pressvre parameter
mn —JgRT

PA

=

total-pressure parameter
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_y _ . ; velocity parameter

yerT '

¥001

x p‘av) -2 =0.2 x
= = — (pVDg) """ = effective length-diameter
(De eff <“1‘ ° £ De ratio as measured from
reference station to any
station in flow
system

L Hay)0+2 0.2 1
(5- m | —— (pVDg ) Ep 5= effective length-diemeter
e/eff Eyp e ratio of flow passage

ANALYSIS

The steady~flow process occurrling within a constant-area heat-
exchanger passege 1s one involving the simultanseous action of fluid
friction and heat tranafer. A generel analysis is herein mede of
the compressible-flow variations cbtained during this flow process.
It is shown that, by appropriate limitations of the flow and
heating conditions, individual flow processes became special cases
of generalized flow systems; as a result generalized graphical
representation of flow systems can be constructed that are applicable
for the direct determination of the flow variations in a large
nmuwber of different flow passages. The results of the analysls are
then utllized for the construction of charts for air heated at
constant wall temperature, assuming the standard heat-transfer and
friction-factor equations for turbulent flow through smooth pee-
seges. A method of incorporating the effects of high temperature
differential between passage wall and fluid on the flow process, as
indicated by the recent experimental data of reference 6, is pre-
sented and checked with experiment.

Por an over-sll evaluation of heat-exchanger performance, the
flow varlations at the heat-exchanger entrance due to the flow-area
contraction and at the heat-exchanger exit due to the flow-area
enlargement must also be considered. Inasmuch as the entrance
loeses are usually small compared with the over-all losses across
the heat exchanger, the flow procees at the heat-exchanger entrence
can generally be assumed lsentropic. For a sharp-edge entrencs,

a more accurate determination of the pressure change in the flow
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process &t the heat-exchanger entrence can be obteilned by subtracting
the pressure drop due to the vema-contracta, as based on incompressible-
flow considerations, from the pressure calculated for compressible
isentropic flow. The losses at the heat-exchanger exit are usually

of appreciable magnitude and require accurate evaluation. For this
purpose, the analysls presented in reference 5 of the compressible-
flow variatlions across & sudden enlargement is herein applied for the
cagse cf subsonic flow that 1s gonerally encountered in heat-exchanger
practice.

Degoription of flow process. - One form of the differential-
momentum equation describing the one-dimensional steady-state motion
of a campressible fluld in & constant-area passage wnder the combined
influence of friction and heat trensfer is:

4(xV+phA) + dDp = O (1)

From the conservation of energy and mass equations and the perfect-
gas law, reference S shows that the total-momentum perameter

V—_ 2 V—ET,

—JZAz, %, and %’ for any value of 7 associated with the totel tem-
maf gRT
perature of the fluid. Enowledge of the varistions of SVt and

mq/g'EI‘
T during the flow process is therefore sufficient to completely
specii)’y the variations of all the f£luid-~flow conditions (p, P, V,
and t).

The variation of the total-momentum parameter VPR 49 due
m
to the variations of both the total-momentum mV+pA and the total
temperature T. Differentiation of the totel-momentum parameter
with respect to these two variables for constant mass flow and area
glves:

V¥

w4/e T

-1
2

vlf

a (mvtpA 'd.(mv+pA.) (2)

mAfeRT/ mAERE

The differential drag force dDy 1is

ap = F -;'- oV2A 4'32" (3)
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or, more conveniently,

4Dy = 2 uv a(F) (4)

The variation of total temperature T 18 given by the differential
relation equating the heat trensferred from the wall to the fluid
to the heat absorbed by the fluid.

mgep 4T = hs (Tu~T) dx (5)

The temperature recovery factor in the boundary layer 1s assumed to
be unity in equation (5). Negligible errors are introduced by this
assumption for gaseous flulds and for the practical range of tem-
perature differentlals used 1n heat exchangers.

Prendtl’'s extenslion of Reynold's analogy between fluld
friction and heat transfer for flow through smooth-wall passages

h
coHP8V c
gives -%— as a function principally of the Frandtl mumber -Ei
2

In view of this relation, equation (5) is rearranged and presented
as

h

cpPev x

ar = 2{-B— | (n-1) F 2 (D—e-) (6)
2

From equations (1), (2), (4), and (6), the variation of the total-

momentum parameter during the flow process is expressible as:

ajem) " Vem i) " ajem T
“REEC | (Ty-T)
¥
2

mV4ph -
iousl, ted out i
As previously pointe ou,m‘\/-— 8 related to @&MT

in the manner dictated by the laws of conservation of energy and
mass, the perfect-gas law, and the relation between ¥ and T;
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h
mV+pA cpPev
equation (7) thus involves only the variables - @_, 7> T
2

and T. The conclusion can then be drawn that for a given fluld the
mV+pA

variation of during the flow process is uniquely debtermined
m JERT —b_

| il
by the variation of T during the process provided that ¥ and

2z
Ty are constant or are expressible as functions of only aVipd
m 4fgRT

and T. Because m_ﬂ—;% and T completely define all the fluid-
m

flow conditions, the parallel generalization can be made that the

flow variations of a2 fluid along a heat-exchanger pessage are

uniguely determlined by the variation of T along the passage when
h

opoe¥
the local values of F and Ty are constant or are expressible

2
a8 functions of only the local fluld-flow conditions. In partic-
ular, the flow variations are then explicitly independent of the
position variable =x. Thus when the generalization conditicns are
satisfied, any station in & given flow system cen be considered as
the initiel starting polnt of a real flow process; conversely,
individual flow processes can be conslidered as special cases of
generalized flow syatems.

The results of integration of equations (6) and (7) for a num-~
ber of generslized flow systems can be presented 1n chart form for
the direct determination of the flow variatlons in a large nwmber
of individusl flow passages when the generalization condlitions are
gatisfied, This fact is used a8 the basis for the construction of
the charts presented herein.

Pressure-drop charts for air heated at constant wall tempera-
ture, - Working charts were constructed on the basis of the fore-
‘going analysis to ensble determination, without individual Integra-
tioh, of the pressure varistions sustained dy alr flowlng through
constant-ares passages wherein heat is added to the air at constant
passage-wall temperature. Conventional heait-transfer and Friction
relations were used in the preparation of the charts. Subsequent
to the completion of the charts, additional date were obtained
(reference 6) that indicate an effect of pessage-wall temperature
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on heat-transfer coefficient and friction factor that becomes
important at high temperature differentials between wall and fluid,
Hence, Ky and Kp are herein introduced as correction factors

that account for departure of the actual heat-transfer and frictlon
phenamera from the phenomena expressed by the conventilonal relations.
The method of evaluating Kj; and Ky 1n accordance with the recent

data of reference € is reserved for a later mection.

The relations and asgumptions used in the Integration of equa-
tions (6) and (7) are as follows:

(a) The ratio of the specific heats 9 is taken constant
ag 1.400

(b) The relation for friction factor is taken as

raoo4e(pgm)' Ky (8)

When Ky = 1.00, equation (8) reduces to the conventional relation

(reference 7, p. 119, equation (9a)). Inasmuch as u enters in F
only to the 0.2 power, it i1s asswmed constant in the integratlon of
equation (6). Large varlations in u are accounted for in the use
of the results by taking an average value of u 1n the flow pas-
sage (that is, u = pyy). The factor Ky i1s also assumed constant
in the integretion of equation (6) and, as indicated later, is
evaluated for the average fluld conditions existing in the flow
passage.

(c) The reletion for heat-tranafer coefficlent is taken as

2 . 0.023 ( Bme) (323 (é)

k

When EKjh = 1.00, equation (38) reduces to the conventional relation
(reference 7, p. 168, eguation (4c)).

From equations (8) and (9),

b
cpggv i} <c¥1)—0.6 % (20)
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C.

: -0.6
The simplifications are made that: flrst, (—];ﬁ) egquals 1.186

which represents, within 1.5 percent, the value for air Ever the

extreme temperature range 460° to 2500° R; and sécond, i}—l is
F

equal to unity in accordance with Prandtl's extension of Reynold's
h

F

ogv
analogy. Thus, et is teken constent as 1.186 in the inte-

. 2
gration of equations (6) and (7).

Two modes of heat addition of present interest are character-
ized by having (2) constant passage-well temperature (T; = a con-
stant) and (b) constant rate of heat input along the passage
length [h(T,~T) = a constant]. The generslization conditions are
satlsfied for both these modes of heat addition for the foregoing
assumed heat-transfer and friction phenomena during the process;
generalization s therefore possible. Only the case of constant
passage-wall temperature is specifically treated herein.

For convenlence of analysis and of presentation of results 2
the differentlal varlisble in equations (6) amd (7) is changed from
T %o ?T" In the integration of eguations (6) and (7), the lower
W
integration limits are designated by the subscript 0. When equa-
tion (8) is substituted for F 1n equation (6) emd p is considered
to be equal to pgv, the perameter

H 0.2
x av -0.2 b4

is introduced. This parameter, which 1s proportional to the product

of the actual friction factor FKp and the length-diameter ratio

Di' is of the same order of megnitude as —

e De”

On the basis of the foregoing manipulations and assumptions,
equation (6) can be formally integrated to give:

(3.2

To
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g—: =1+ [(TT“')O - ] [1 - o~0.00568 (gg)eff} (13)

Integration of equation (7) is mumericelly performed %o glve
values of mViph in one to one correspondence with values of &

where

1004

m 1/gR]!
for each assumed initial pair of values of (E&R‘L) (T")
Inasmuch as the flow variations are explicitly independent of the
T
position variable x, each corresponding peir of values of ":_E!
and mV+pA obtalined during a single integration | integration for
1 +/&RT mV+pA Ty
one palr of values of and (——) can be consldered as
m v/gRT/o T/o

the entrance condltions of a flow passage; thus each integration
givea resulis for an Infinite number of flow passages whose entrance

conditlons are restricted to the one-to-one relatlon between -:;IJ—%—
T
and -T‘-f obtained in the integration., All possible combinations of

% and T'Tl that may be encountered in heat-exchanger practice
are obtained if the integration of equation (7) 1s carried out for a

T V4
16 val °f<_‘f) 1 mV+pA |\ .
single value Toand.amngeofvauesof m‘\f_—o How-

ever, in order to obtzln increased accuracy for the entlre range of
interest, the integration was sctually carried out and 1s presented

for four values of (T—T!) . From the results of numerlcal integra-

0
tilon of equation (7) and from equations (12) and (13), the values of

mV+PA 35 one-to-one correspondence with values of i)eff

m +/gRT
each value of ( w) m\:;__) used 1n the Integration are

obtained. The plotting of these results in chart form is described
later,

It 1s convenlent in the use of the charts to recast equa~
tions (12) and (13) as follows:

Solution for <-:-§-> from equation (13) and substitution for
T o/eff
To
geript x i1is replaced by subscript en,

from equation (12) gives for I = Xgp, in which case sub-
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o) orer |
N AN

Equation (13) 1s rewritten by substituting subscripte ex and
en for x and O, respectively, in which case x =1

L
T -0, N
Tox _ 3 4|(Z) .2 1-e°°°568(neeff (15)
Ten Ten

Evaluation of Xy, and Kyp. - The preliminary heat-transfer

and pressure-drop data of reference 6 are used to determine the
average values of K;, and Ky that account for the effect of high
temperature differentials between pessage wall and fiuid on the
heat-transfer and pressure-loss phenomena in smooth-flow passages.
These data were recently obtained at the NACA Cleveland laboratory
in an investigation conducted with air flowing through = tube that
was electrically heated to average wall temperstures of from 710°
to 1700° R. Reference 6 shows that correlation of the heat-transfer
data according to equation (9) wherein K; was taken as unlty and
the physical properties Cps, B, Py and k of the fluld were
evaluated at the average bulk temperature resulted in a separation
of the data as the temperaturse level of the wall varied. It was
found, however, that satisfactory correlation of the heat-transfer

date over the entire range of wall temperature is obtained by the
equations

(14}

h:; 0.022 (X2 ) (fﬁ) (16)
wherein

PV = (pV) (%!) (a7)

Equation (16) can be rearranged as follows:
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o (971 ()89 <“~'>"z%f>L

(18)

It % is assumed constant for alr and if the simplification is made
that £ is inversely proportionel to T xrather than t, the
average velue of Kh in a flow passage 1is obtained from equa-

tions (9) and (18) as:

0.8 0.2
_ 0.022 NN AVA«AN
% = 5.025 zs( w) op,“) <""av (19)

The averege values of T, pu, and cp used in eguation (19)
are conglstent with the determination of an average value of Kh
for the flow passage.

The pressure-drop data of reference 6 are presently in the
analysis stage; no definite conclusione have been reached regarding
the eoffect of high temperature differentisls between pasesage well
end fluld on friction factor. In the g.bsence of such information

pgv
i1t can be tentatively assumed that fiFL remainsg substantially

2 .
constant with variation of wall temperature. Therefore,

From substitution of equations (19) and (20) in equation (11)

letting x = L, the effective length-diameter ratio of a flow
pessage can be expressed as

B 6B G o ()

o0t~
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In order to ascertain the validity of the assumption expressed
by equation (20), a comparison was mede, for several experimental
Truns, of the pressure drops measured in the investigation of refer-
ence 6 with the preassure drops obiained from the charts using equa-

L
tion (21) for evaluating -the (D_e)eff of the experimental flow

passage. Inasmuch as in the investigation the wall temperature
verlied with length along the tube, the integrated average wvalue

of T, was used in the calculations. The resulis of the pressure-
drop comparison ae well as of a comparison of the calculated and

- measured temperature-rise values are presented in table I.

The good areement between the measured and the calculated
results indicated In the table substantiates the genseral validity
of equations (19) and (20) and is & check on the accuracy of the
charts and assumptions inmvolved therein. In addition, the results
of the foregoing comparison show that, although strictly applicable
for the case of constant wall temperature, the charts can be used,
within limits, to handle the case of nommiform wall-temperature
distribution along the passage length through the use of the
average wall temperature. A measure of the nonuniformity of wall-
temperature distribution is given by the ratlo of the difference
between maxirnm waell temperature and entrance-alr temperature to
the difference between average wall temperature and entrance-air
temperature. For the runs used in the foregoing comparison this
ratio was approximately l.2.

At the relatively low Reynolds mumber of 53,600,the agreement
1s not as olose as at the higher Reynolds numbers. This result 1s
attributed to the laminer boundary-layer regime at the tube
entrance which, because of the smooth well-rounded entry of the
test tube, occupies an extensive portion of the tube length even
for Reynolds numbers greatly in excess of the critical value. The
extent of the entrance laminar regime is reduced with Increase in
Reynolds number.

The method of determining (%‘-) Tor a flow passage is
: e/eff
1llustrated later by means of an example.

Flow in passage with sudden increase in cross section. - In
reference 5, the momentum equation describing the flow of a com-
pressible fluld across a sudden enlargement of oross section 1s
written in terms of dimensionless-flow parameters for convenient
application to the case where the flow in the passage Just upstream
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of the area enlargement is critical or supersonic. In heat-
exchanger operation, however, the flow 1s generally subsonlc; the
general method of reference 5 1s herein applied to this specific
case.

For subsonic flow across a sudden enlargement (from area Ay
to area Ap), application of the principle of conservation of

momentum at & section Jjust downstream of the enlargement and at
a section located a sufficient distance downstream of the enlarge-
ment that uniform flow again exlsts gives:

mVy + piAp = mVy + Pohs (22)
where
subscript 1 denotes comdltions at the small area A3
subscript 2 denotes conditions at the large area Ap

Because the mass flow and total temperature of the fluld are
constant across the enlargement, equation (22) can be written

<mv+PA ) _ OV1+pAp (mv+pA ) + Py (Ap-4) (23)
nyeRT);  mfeRTy C
Ay

or, more convenlently, when noting that f = A—z-,

EOREREOCOIE

The use of eguation (24) for calculation of the compressible~
flow changes across an enlargement for subsonic flow is illus-
trated later by means of an example.

DESCRIPTION OF CHARTS

In figure 1, the ratio of the total momentum at any

(mV+pA),
station to the total momentum at the reference statlon -Glﬁ_——)—

is plotted against the reciprocal of the total-momentum
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m ‘Q
parameter at the reference statlon TV4DA )O for a range of values

6f effective length-dilemeter retio (Fx_ osp The ratio
e
(;Dl>eff is taken for the distance between the reference statlion and
(2]

the station x in the flow system. Within each figure, the locus
of all flow conditions in a given flow passage has one valuve

of the abscissa. Hence, the polnts on a figure representing all
flow conditions in a passage lie on a common vertical line. Each

curve of constant (T)E) in figure 1 also represents the locus
: e/eff m

of points at which Tw is a constant. Figure 1(a), which is

for (—) = 5.0, covers a range of (L from ¢ to 32.1 equiv-
T/o ? De /eft o2

alent to a range of — from 5.0 to 3.0; figure 1(b), which is for

T
T
<_"'> = 3.0, covers a range of _z_) from 0 to 50.65 equivelent
T 0 ’ De/er

to a range of - from 3.0 to 2.0; figure 1(c),which is for

T._‘"> = 2.0, covers a range of (—I—) from 0 to 71.4 equivalent
T Jo De /err
%0 & range of — from 2.0 to 1.5; and figure 1(d), which is for

T

T
<..E> = 1.5 covers a range of (%—) from O to 208 equivalent to
T/o e/eff T

a range of T from 1.5 to 1.l1l. Thus a total range of -IT“: from
5.0 to 1.11 is covered in figure 1.

Tnasmich as the bottom curve in each of figures 1(a)

to 1(c) is used in proceeding from one figure to another when
required in solution of a problem, it is dashed and is identified

with 1ts appropriate value of -Tg- . These values are %’- = 3.0

pp = 32.1 din Figure 1(a), -TT!- = 2.0 ocbtained

x Ty
at (D_e.)eff = 50.65 in figure 1(b), and 5 = 1.5 obtained at
x x
—— = 71-4 j_'n. fig‘lJI'e l . .A-b —_— = 0
De ot (c) (De)eff ?

)
equals the value of \7f/g for which the figure is presented.
T

x
Because the value of T corresponding to maximm (D-—e)eff

x
obtained at (De)e

-T%, of course,
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on a figure is identical with the reference wvalue of T_.Fw on the
succeeding figure, the maximm value of 5£)eff in figures 1l(a)
=]

to 1(c) represents the effective length-diameter ratio between the
reference station for which the figure is presented and the reference
station in the succeeding figure. For example, from figure 1(Db),

the ('Di)eff value between the reference station defined by
e

P
(—,_f,":)o = 3.0 and the reference station defined by (-ET!)O = 2.0 18

50.65. The curve representing the choke 1limit for the flow is
given in each figure. A table is presented in figures Ll(a) to 1(c)
that 1s useful, as later shown, in proceeding from one figure to
enother where roquired in the solution of a problem.

Figures 2 and 3 relate for air (y = 1.400) the total-pressure

paremeter PA and the statlc-pressure parameter m%’
m
respectively, to the total-momentum peremeter EE'P-&-. The varla-

mV+pA m VERT
tlon of ey and T 1n e flow passage can therefore be trens-

lated into the variation of static or total pressure in the flow
pagsage.

OFERATIONS INVOLVED IN USE OF CEARTS

The operations involved in the use of the charts for solution
of a heat-exchanger flow problem are briefly outlined and illus-
trated in the following examples with the aid of flgures 4 and S.
Figure 4 presents a schematic diagram of the flow passage of exam-
ples I, IT, and IIT and indicates the passage (solid lines) as a
segment of a generalized flow system shown by the dashed lines. The
relative positions of the various stations in the generalized flow
system that enter in the problem of example I are Indicated. The
detailed steps involved in the use of the charts for solution of
the problem of example I are traced in figures 5(a), 5(b}, and 5(c).
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Exemple I - Use of Charts

19

Conslder the turbulent flow of alr through a smooth tube
wherein heat 1s added to the air &t constant well temperature. The

following flow and heatlng conditions are asgumed to exlst:

(1) Equivalent diameter of me, De’ (ft) ¢ ¢ o @
(2)mhh°ftu:be,1l’ (ﬂ)o.ooooo.oooo
(3) Mass flow of eir through tube, m, slugs/(sec)
(4) Total temperature of air at tube entrance, T,
% L3 * L ] L 4 . [ 4 L] L J L] * L ] L ] L ] [ ] L ] L] L] * L] - L] * .
(5) Total pressure of alr at tube entrence, Pen,
(l.b)/(sg_ft)oaccocaon.-o
(6) Tube-wall temperature, T, “R. . «

Determine:

0.0833
- * . 7
0.00373

« « 610

« 2160
e« 2000

(a) Total pressure and total temperature of air at tube exit

(v) Static pressure of alr at tube entrance and exit

The method of successlve approximations is required to calcu-
late the average value of (Dé.)eﬁ‘ for the tube passage that is
®

consistent with the average fluld temperature in the paasage.
Inssmuch as the principal purpose of this example 1s to illustrate

the chart operations, the evaluation of (FL')eﬁ’ although the
e
first step in obtaining solution of the problem, is presented later

in example II.

(7) The results of ex=mple II give

)
- = 103.0
(De off

(8) From ltems (4) armd (6)
Ty 2000
(?)en =50 = 3.279

(9) From equation (15) and ltema (7) and (8)
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T .
—OX _ 1 4 (3.279 -1) (l-e 0.00568x103.0} _ 5 010
Ten
(10) From items (1) and (3)
0.0037
ov=2. 515 _ 0.6837

7 % (0.0833)2
(11) From items (4), (5), and (10) for R = 53.35 for air

FA 2160
= = 3.087
n /gRT en 0.68374/32.2 X 53,35 X 610

(12) From item (11) and figure 2

<-’-'1‘.'-E‘-— = 3.252
mq/gRT en

Determination of initial chart, - Items (8) and (12) specify
the entrance conditions of the tube required for entering the charta.
The polint on the charts corresponding to the entrance conditicns of
the tube 1s referred to as the starting point and the chart contain-
ing the starting point as the initiel chert. The initlial chart is

gimply determined by the value of -TI—,V on ag illustrated in the
following item .

(13) From item (8), (T?")en = 3.279; hence, figure 1(a) which

covers the range T = 5.0 to 3,0 is the initial chart.

Inasmuch as conslideration of several reference stations in
the flow system may be required in solution of & problem, the ref-
erence statlion for which the initial chart is presented and all
flow conditions at that reference station are designated by the

T

subscript 0,1; for example, ( -T-‘-">0 , 18 equal to 5.0, the refer-
L]

ence value on the initlal chart. As shown in flgure 4, reference

station 0,1 in the flow system 1s located upstream of the flow-

passage entrance (station en).

1004
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Location of starting point on Initial chart,

(14) —) is calculated from equation (14) for
eff

<Tw> = 3.279 (item (8)) and ( ) on the initial chart (designated

as <T?"> and equal to 5.0 from item (13)).
0,1

2

5'0“1'g = 24.76
5.0 <1' 3.279)

X
o
—— = 176.1 1085
(De)eff

x
As shown In figure 4, -ﬁ—'n> represents the effective
e/eff

length-diameter ratio between stations 0,1 and en, thet is, the

effective length-diameter ratio required to effect & change in R

from 5.0 to 3.279.
(15) The ordinaste-to-abscissa retlo on the initial chart for

X = Xgp 1is
(wV+pA) o .

@Y, 4 / € TR o1

which, because T, is constant, can be revritten as

mv+p:A; ( Tw\
T T 0,1

This ratio,which represents the slope of a straight line through
the origin of coordinates in the initiel chart,is evaluated from

items {8), (12), and (13) as

‘5.0 _
3.252 3275 = 4,013
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. Intersection of the straight line with slope 4.013 and the

X
interpolated curve for i) . = 24.76 (Ltem (14))
Po (De off D¢ Jorr ¢ (

locates the starting point on the initial chart. Inasmuch as the
origin of coordinates is not on the charts,the regquired slant line
is obtalined by drawing e straight line through the pointa
(ordinate = 1.00, abscissa = 1/4.013) and (ordinate = 0.94,
abscissa = 0.94/4.013). The foregoing comstruction procedure for
location of the starting point 1s illustrated in figure 5(a) where
the starting point is designated as point A.

(16) The ordinate value for the starting point is (w¥+pA) o
po ‘mYﬂ)A.’O’l ’

vhich is read from figure 1l(a) as 0.990.
m A/

(17) The abacissa value for the starting point is »
mV+pA 0’1
which is read from figure 1(a) as 0.2467.

Determination of terminal chart. - The terminal chart is that
chart containing the point corresponding to the exit conditlons of
the flow passage. This point 1s herein referred toc as the end
point and is designated as point D in figure 5(c). The terminal
chart is determined as i1llustrated in items (18) and (19).

(18) The effective length-dlameter ratio between reference
station 0,1 and the end of the tube passage (station ex in fig. 4)

Xen+ X
is < Dg )eff" which is simply the sum of (f)eff (1tem (14))

L)efr
and the (= of the tube item (7)).
(De ube passage ( )

L
<x°n+ ) = 24.76 + 103.0 = 127.76
De Jerr

(19) The table presented on the initial chart (fig. 1(a), in
this case) specifies the terminal chart as fig. 1(c) for the value

L
<x°n+ ) equal to 127.76.
Do Jefs

Transfer from initial to terminal chart. - Inasmuch as the
terminal chart is not the same as the initial chart, solution of

F001
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the problem requires transferring from chart to chart until the

terminal chart is entered. In this case, it is necessary to trans-
fer successively from figure 1(a) to figure 1(b) and £inally to fig-
ure 1(c). In the performance of this trensfer, the abscilissa values

required to enter figures 1(b) and 1(c) are successively determined
as followsa:

(20) On the initial chart, the ordinete corresponding to

w /gRT ) i x
(mV-i-pA b,1 along the curve for maximm (De)eff is equal to

| (wV+pA)g o

where subscript 0,2 denotes the reference station at which
my+pA 0,1

T g
(-‘l') = (-—V) = the wvalue of % at maximm (g'-) on the
T/0 \T/o,2 e/eff
initiel chart. From figure 1(a) for item (17) and for
(—:5) = 32.1 (maximm value),
De eff

(nVipA)g 2
mV+;pA 0,1

<?_Tw)o,z = 3.0

As indicated in figure (4),station 0,2 is the next successive ref-
erence station downstream of steation 0,1. The point on the charts
corresponding to the foregoing condltlons ls designated as point B
in figure 5(a).

= 0.9862

where

(21) The reciprocal of “the total-momentum perameter at refer-
ence station 0,2 is calculated as

m A/ZRT —r (IW"’PA)Oll )\/(TE_“.) ( % )
0,1 0,2

mV+pA 0,2 = \mv+pa 0,1 (mV+pA.)o’2
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which from items (17) and (20) for (%’)0 . 5.0 (1tem (13)) and

(T_W) = 3.0 (1tem (20)), gives
T/o,2

0.2467 /5.0
0.9862 V3.0 = 0-3229

The chart for <%> =<T%) = 3.0 (fig. 1(b)) 1s entered
0 0,2

with an abscissa value equal to 0.3229 as indicated in figwre 5(b).
Inagmuch as figure 1(b) 18 not the terminal chart, the procedure of -
items (20) and (21) must be repeated.

T T
(22) On the chart for (_T!)O - (—%’) 2? the ordinate corre-
>

pbnd.ing %o <-m—-@) along the curve for maximum ('D£ is
0,2 o/eff

mV+pA
equal to g—;—jﬁgﬁ where subscript 0,3 demotes the reference station
0,2 .
at which (T—;)U = <'T'.E")o,3 = the value of -T-T! at maximum 51;)@;1‘

on the chart. From figure 1(b) for item (21) and for

(.5 = 50.65,
Do /eft
(mv+pA)o 3

vhere (TT')O 5 = 2.0.

As Indicated in figure 4, station 0,3 is the next successive
reference station downstream of station 0,2. The point on the
charts corresponding to the foregolng conditions is designated as
point C in figure 5(b).
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(23) The reciprocal of the total-momentum parameter at refer-
ence station 0,3 is calculated as

HE), . - ), s |(D),, (B

mV-+pA mV+pA 0,2 mv+pA 0.3

which, from items (21) and (22) for (%)o 5 = 3.0 (item (20)) and
T
(%’)0’3 = 2.0 (item (22)), gives

0.3229 /[ 3.
F]

0
0.0621 Y 2.0 = 0-4111

The chart for <-T£) =<&) = 2.0 (fig. 1.(c)) is entered with an
0,3

abscissa value equal to O. 4111 as indicated in figure 5(c).

Inssmuch as figure 1l(c) is the terminal chart (item (19)), the

transfer procedure is completed.

ILocation of ernd polnt on terminal chart. -

(24) The table presented on the initial chart (fig. 1(a), in

Xgnth

this case) specifies Z = 82.75 for ) = 127.76
e /eff

(item (18)).

(25) The end point 1s located on the curve in the terminal

ff

which, from items (18) and (25), gives

(Di on terminal chart = 127.76 - 82.75 = 45.01
e/eff

(26) Items {23)end (25) fix the location of the end point on
the terminal chart (fig. 1(e¢)); item (23) specifies the abscissa
velue for the end point as 0.4111 and item (25) specifies the
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(DE' or value for the end point as 45.01. This procedure is illus-
e/ e
trated in figure 5(c) where the end point is designated as point D.

Eveluation of m—“&) . -
(m‘\/gml' ox

(27) Hote that 3 charts, and thus 3 reference stations are
involved in this problem for location of the end point. In this
cage, the ordinate wvalue for the end point is

(mV+pA)ex
(wV+pA) 0,3

which, from item (26), 18 read as 0.9463 in figure 1l(c).
(mV+pA) o
(28) TVIDA o1 is calculated as

(mV+pA) o (:uﬂl'+;[.\A)0J2 (mV+pA)o, 5 (WV+pA) o
@vph), | - @vpl), | @vph), , @vph), o

which, from items (20), (22), and (27), is
0.9862 X 0.9621 X 0.9463 = 0.8979

\Z
(29) -E:—v:%;?: is calculated as

(mV+pA) ox _ (nVipA)ey  (mVipA)g 1
TaV+pa) on (mV+pA)o’l WV+DAY

which, from items (16) and (28), gives

(mV+pA)ox  0.8979

Vo)~ 0.990 = 0-9969
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(30) The total-momentum perameter at the exit of the flow
passage is then

(mV+pA) ex |Ten
mV+pA en Tex

()., "(avem),,

which, from items (9}, (12}, and (29), gives

mV+E) _ 3.252 x 0.9069 _ 2.080
m »/2.010

Final results. -~

(31) From item (30) and figure 2(a)

<_12__ = 1.778

ngRTex

(32) From items (9), (11), end (31)

Pex / PA nAeRT) ", [Tex _ 1.778 o om _ ( a17
Pon  \m ~JaRT PA T, _ 3.087 Y0 =0
en m A/8RT /oy en en

(33) From item (12) end figure 3(b)

_.E-_.) = 2.913

m

(34) From item (30) and figure 3

= 1,420
m gR‘I‘ ex

(35) Prom items (5) and (32)
Pex = 0.817 X 2160 = 1765 (1b)feq £t)

(36) From items (11) and (33)

P 5.087
<5>en =351z = 1,059

27
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so that, from 1tem (5)

2160
Pen = 2og5 = 2040 (1b)fsq £t)

(37) From items (31) and (34)

P 1.778
(3 =T - 1282

so that, from item (35)

1765
Pex = T355 = 1410 (1b)(sq £t)

(38) From items (4) and (9)
Tex = 2.010 X 610 = 1226° R

Example II - Evaluation of (%i)
e/eff
The method of sudcessive approximetion must be used In order to
obtain congistent values of <'D£) and average fluid temperatiire.
©/eoff
The variations of specific heat cp and ebsolute viscosity u of

alr with temperature, as obtained from reference 8, are presented in
flgure 6 to ald in this determination.

(39) From figure 6 for Ty = 2000° R (1tem (6))

p,w = 0.2775

30.3 x 1076

M
(40) Teke T, = 750° R as a first approximation in which case
from flgure 6



40,018

(41) From equation (21) and items (1), (2), (8), (10), (39), and (40), noting that
e equals 12,5 X 1078 (STMBOLS)

0.2

0.8 -6\0:
L 0.022) (750 0,275 ( 30,510 0.2 (1
(De)eﬂ. g (o.ozs) (zooo) (0.2425)(12 5x10"6) (0.6657x0.0853) " (55)

s 89,1 first approximation

(42) From equation (15) and items (8) and (41)

7 .
e =1+ (3.279-1) (1- e"°-°°563"39-1)= 1.9052 £irst approximtion
en

(43) From items (4) and (42)

Tox
Mg 14+1.9062) _ gaco
Tov = Ten 5 = 610 =) = 886~ R seoond approximation

(44) From equation {21) and items (L), (2), (8), (10), (38), and (43)
0.3 _6 002
L 0.022\ [eas 0.2775\ /30,3%10 -0.2 7
(Fa')ﬂ = ("o.oz" '3') (27066) (o'.mss) (_ -s) (0.6837%0.0833) (o.oass)
12,%x10

= 100,6 second approximatlom
(45) From equation (15) and items (8) mnd (44)

SZDRE °“OM WY VOVN

: 62
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Tox

( -o.oossaxloo.a)
l-6
TBD.

=1+ (3.279-1) = 1.993 second approximation

(46) From items (4) and (45)

Toy = 610 (L%;%%) = 913° R third approximation

in which case, .':p’av = 0,2463
(47) From equation (21) and items (1), (2), (6), (10), (39), and (46)

0.2
0.8 -8\"'*
L 0,022\ /913 0.2775) 30.3%10 -0.2 7 )
(Da)eﬁ. = (o.ozs) <zoo'o) (o.mss <12 3)(10.6) (0.6837x0.0833) (o'.oas:s'

= 102,7 third approximation

(48) From equation (15) and items (8) and (47)

T .
Tx = 1+ (5.279-1) (1 - o~0-00566x102 '7> = 2.007. third approximation
on ;
| 2
(49) Repetition of the foregoing procedure gives for the fourth approximetion >
Tav = 9170 R 5
L L)
(De off 8
8
Tox “
= = 2,010
Ton
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which are practlcally ldentical with the third approximation values.

T
L ex
The values of T, —) and s— glven in item (49
av? (De ert’ Ten © (49)

represent the convergent values. It 1s evident that the third
approximation values could have been teken as the convergent values
with negligible error; in gemeral, the third approximation values
are gufficlently accurate.

Exemple ITI -~ Determination of Exlt End Iosses
Assume that the flow at the exit of the tube of example I
suddenly discharged into a duct having twice the cross-sectional
area of the tube (in which case, £ = 0.50).
Determines

(a) Static and total pressuvres at the duct cross section where
uniform flow 1s reestablished (referred to as stetion 4 in fig. 4).

(b) Drop in stetic and total pressures from entrance of tube
of exampie I to duct cross section where uniform flow 1s reesteb-
lished (in fig. 4, from station en to station 4).

(1) From the resulits of example I (items (30), (31), and (34)),
the flow parameters at the tube exit are:

= 2,080

(e

( ) ="1.778

1.420

(e

(2) From equation (24) and item (1) of this example for £ = 0.50,
noting that in figure 4 the small area 1s at station ex and +the
large area at station 4
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<“J—+&> = 2.080 + 1.420 (ﬁls‘d - 1) = 3.500

(3) From item (2) and figures 2 and 3

(—ﬂ‘— = 3.348
m 4/gRT /4

(m—%)d = 3.189

Aox
(4) From items (1) and (3) noting that '1'; =f = 0,50 and
that m and T are constant across the enlargement

0.942

B _/_PA (m«/gRT) Aex L 3.388 o o
Pex <m @)d PA ex A3 1.778

1.123

Pa _/_pa <m‘\/gR1‘) Bex _ 3.189 , 4.5
PSI <m,‘/gm|)d pA ex Ad 1.420

(5) From example I, Pgy = 1765 pounds per square foot and
Pex = 1410 pounds per square foot, which from item (4) gives

Py = 0.942 x 1765 = 1663 (1b)/(sq £t)

1583 (1b) /(sq £+t)

Py = 1.123 X 1410

(6) The drop in totel pressure from station en to station 4
in figure 4 1s, from item (5) of example I and from item (5) of
this example,

AP

en-g = 2160 - 1663 = 497 (1b)/(sq £+)

If the flow process at the tube entrance were isentropic, the value
of total-pressure drop given by item (6) would aleo be obtained
acroas the entire tube, including all end loasses.
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(7) The drop in static pressure from station en to staetion d
in figure 4 is, from item (36) of example I and from item (S) of
this example,

8Pgn.g = 2040 - 1583 = 457 (iv) /(sq £%)

The static-pressure imp obtained at the tube entrance for an
isentropic flow process can be calculated by standard eguatlons and
added to the value of pressure drop given by item (7) to obtain the
over-all statlic-pressure drop across the tube, including all end
logses.

Lewls Flight Propulsion Iaboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohilo.
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TABLR I - COMPARTSON OF CALCULATED ARD MEASURED® RESULNS

Fntrance conditions Exit Meamumed results Caloulated results Percentage diffsrence

“;wm Beyoolds| P P || ¥ :f: :%.: Ap AT ;:—: ;3 Ap AT 2D = AT

(°R) (1p/mq £8){ (%R) (1b/ag £t)|(°R) (1n/eq £5)| (R)| (1bfsq £%)] (°R)

1872 | 184,000} 4527 528 {0.57/0.84 [0.55L(1.700| 2031 375{0.544[1.898] 2085 | 389 1.7 -1.6

1072 | 15,000| 3882 554 | .41] .70 | .639|1.3591 1328 199| .657|1.348] 1284 | 185 4.9 5.0

861 | 219,000 4458 540 | .48| .67 | .568(1.218| 1826 118] ,555|1.218] 1993 | Li8 3.5 0

1870 | 265,000 6186 . | 530 | .%9{1.00 | .464|1.651| 3315 345 ,468/1.645] 3353 | 3¢2] P12 ~1.0

choke
1752 | 53,800| 2417 se7 | .21| .52 | .881|L.967 | =288 510 .se8|1.939] 287 | 495 -7.1 5.0
8Data from reference 6.

Pealonlated dhoking length less than mctual choking length by 2.8 paroent.

S¢
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